Lepidopteran nucleopolyhedroviruses (NPVs) show distinct tissue tropism in host insect larvae. However, the molecular mechanism of this tropism is largely unknown. We quantitatively investigated NPV tissue tropism by measuring mRNA levels of viral genes in 16 tissues from Bombyx mori NPV (BmNPV)-infected B. mori larvae and found clear tissue tropism, i.e., BmNPV replicates poorly in the silk glands, midgut, and Malpighian tubule compared with other larval tissues. We next identified the viral genes determining tissue tropism in NPV infection by investigating the phenotypes of larvae infected with 44 BmNPV mutants in which one gene was functionally disrupted by a LacZ cassette insertion. We found that occlusion body (OB) production was markedly enhanced compared with that of the wild type in the middle silk glands (MSGs) of larvae infected with three mutants in which one of three tandemly arrayed genes (Bm7, Bm8, and Bm9) was disrupted. We generated additional mutants in which one or two genes of this gene cluster were partially deleted and showed that Bm8, also known as BV/ODV-E26, was solely required for the suppression of OB production in the MSGs of BmNPV-infected B. mori larvae. Western blotting showed that a LacZ cassette insertion in Bm7 or Bm9 resulted in aberrant expression of Bm8, presumably leading to abnormal OB production in the MSGs. Larval bioassays also revealed that disruption of Bm8 accelerated the death of B. mori larvae. These results suggest that the group I NPV-specific protein BV/ODV-E26 determines tissue tropism and virulence in host lepidopteran insects.
B
aculoviridae is a large family of pathogens that infect insects, particularly the order Lepidoptera. Baculoviruses have a large, circular, supercoiled, and double-stranded DNA genome packaged into rod-shaped virions (58, 59) . Baculoviruses are divided phylogenetically into four genera: Alphabaculovirus, Betabaculovirus, Gammabaculovirus, and Deltabaculovirus (23) . Alphabaculoviruses can be further subdivided into group I and II nucleopolyhedroviruses (NPVs), based on phylogenetic studies (19) . NPVs produce two types of virions during their infection cycle to bring about efficient viral replication within infected larvae and to spread the virus among insects. Occlusion-derived viruses (ODVs), which are occluded in occlusion bodies (OBs), transmit virus from insect to insect via oral infection, whereas budded viruses (BVs) spread infection to neighboring cells (16, 37) . At the late stage of infection, a markedly enhanced locomotion behavior of infected larvae is observed (15, 25) , which is followed by a dramatic degradation of the host cadaver (11) .
orf8 (Bm8) of Bombyx mori NPV (BmNPV), a homolog of Autographa californica NPV (AcMNPV) Ac16 or bv/odv-e26, is one of 17 genes specific to group I NPVs (27) . Bm8 is a nucleic acid binding protein that accumulates as distinct foci during the early stage of infection (21) . In BmNPV-infected cells, Bm8 colocalizes and interacts with IE1 via the N-terminal region containing the coiled-coil domain, and this interaction is essential for nuclear localization of Bm8 (28) . Further microscopic analyses suggest that IE1 and homologous regions (hrs) facilitate the localization of Bm8 to specific nuclear sites (28) . Generation of a BmNPV mutant (Bm8D) lacking a functional Bm8 gene revealed that the gene is involved in efficient BV production in B. mori cells (21) . Bacmid knockout studies in AcMNPV similarly showed that disruption of Ac16 resulted in a reduction in DNA replication and BV production (46) . Recent biochemical approaches have also identified additional Ac16-interacting partners, IE0 and FP25K, and further demonstrated that Ac16 and FP25K form a complex containing cellular actin, which suggests that Bm8/Ac16 is a multifunctional protein (2, 45) .
Lepidopteran NPVs demonstrate a unique tissue tropism in host insects. The replication of most NPVs, with the exception of lepidopteran NPVs, is restricted to the midgut, which is the first target tissue in oral infection (11) . In contrast, lepidopteran NPVs establish a transient infection in the midgut, without OB production, before the infection spreads to most of the larval tissues. Recently, infection studies using recombinant NPVs expressing marker genes (gfp or LacZ) have allowed us to visually observe the NPV tissue tropism (1, 10, 54) . However, the tissue tropism of NPV-infected larvae has not been quantitatively examined yet. Here, we measured the temporal expression levels of four viral genes in 16 tissues from BmNPV-infected B. mori larvae and found clear tissue tropism in the tissues examined. Also, using a series of gene knockout BmNPVs, we identified the gene Bm8 as one of the determinants of BmNPV tissue tropism.
MATERIALS AND METHODS
Insects, cell lines, and viruses. B. mori larvae were reared as described previously (44) . BmN (BmN-4) cells were cultured at 27°C in TC-100 medium supplemented with 10% fetal bovine serum. BmNPV T3 was used as the wild-type virus. The deletion BmNPVs used in this study are listed in Table 1 . Virus titers were determined by plaque assay on BmN cells (44) .
Construction of gene knockout BmNPVs by inserting a
␤-galactosidase gene cassette. We used 44 gene deletion BmNPV mutants, 24 of which (listed in Table 1 ) we newly generated in this study by homologous recombination, as described previously (29) . To construct the plasmids for deletion of BmNPV genes, we first isolated the specific genomic region of each BmNPV gene from the genomic clone of BmNPV T3 (43) and inserted them into plasmid vectors. We then digested the plasmids using convenient restriction enzyme sites within the coding region of each gene and ligated to a ␤-galactosidase gene (LacZ) cassette containing a Drosophila melanogaster heat shock protein promoter (hsp70-LacZ cassette) (24) . The resultant plasmids were cotransfected with T3 DNA into BmN cells using Cellfectin (Invitrogen). BmNPV mutants were isolated by the identification of plaques expressing ␤-galactosidase. The deletion of each gene was confirmed by PCR as described previously (29) . Note that we simply isolated 24 newly isolated viruses, and further detailed characterization has not yet been performed. The BV titers of these mutants propagated in BmN cells are about 5 ϫ 10 6 to 1 ϫ 10 8 PFU/ml.
Generation of recombinant BmNPVs with partial deletions in Bm7, Bm8, or Bm9. We prepared plasmids in which Bm7 (known as the ecdysteroid UDP-glucosyltransferase gene [egt]) was partially deleted to generate Bm7D-1 and Bm7D-2 (see Fig. 4 ). Deletion plasmids were constructed from the PstI G fragment of BmNPV (43) using a Deletion Kit for KiloSequencing (Takara). The resultant plasmids were cotransfected with Bsu36I-digested Bm7D DNA into BmN cells using Cellfectin (Invitrogen). Five days after transfection, the medium was collected and stored at 4°C until use. Recombinant BmNPVs were isolated by the identification of plaques that did not express ␤-galactosidase (30) . We verified inactivation of EGT by bioassays using day 5 fifth-instar B. mori larvae. Larvae infected with Bm7D-1 and Bm7D-2, as well as Bm7D, started spinning their cocoons by 3 days postinfection (p.i.), whereas T3-infected larvae did not spin cocoons at all. Five more deletion mutants (Bm8D-1, Bm8D-2, Bm9D-1, Bm9D-2, and Bm8-9D) (see Fig. 4 Western blot analysis of Bm8. BmN cells were infected with BmNPVs at a multiplicity of infection (MOI) of 5. Cells were collected at 6, 12, 24, and 48 h p.i., and nuclear fractions were subjected to Western blot analysis with anti-Bm8 antibody as described previously (21, 44) . Bm8 expression was quantified by densitometry using ImageGauge software (Fujifilm).
qRT-PCR. Fifth-instar B. mori larvae were starved for several hours and then injected with 50 l of a viral suspension containing 1 ϫ 10 5 PFU and returned to an artificial diet at 27°C. Sixteen tissues (brain, corpora allata, central nerve, prothoracic gland, fat body, trachea, hemocytes, testis, ovary, anterior silk gland, middle silk gland [MSG] , posterior silk gland [PSG] , midgut, Malpighian tubule, integument, and muscle) were dissected from BmNPV-infected B. mori larvae (5 to 30 larvae per tissue) at 1, 2, 3, and 4 days p.i., and total RNA was prepared using TRIzol reagent (Invitrogen). First-strand cDNA was synthesized from 0.2 g of total RNA, and quantitative reverse transcription (qRT)-PCR was performed using Power SYBR green PCR master mix (Applied Biosystems) with published primers (34) . Amplification was detected using the StepOne realtime PCR system (Applied Biosystems) (34) .
BmN cells were infected with BmNPVs at an MOI of 5. Cells were collected at 4, 12, 24, and 48 h p.i., and total RNA was prepared. qRT-PCR experiments with Bm7, Bm8, Bm9, and vp39 were performed as described above. The primers used are listed in Table 2 .
Larval bioassays. The median lethal time (LT 50 ) was determined by intrahemocoelic injection of BVs (50 l of a viral suspension containing 1 ϫ 10 5 PFU) into fifth-instar B. mori larvae within 12 h after molting (34) . Statistical analyses were performed with Prism 5 (Graphpad). A log rank (Mantel-Cox) test, with Bonferroni correction, was used, comparing each of the mutants with T3 (control virus). At least 20 larvae per dose were used in each experiment.
RESULTS
Tissue tropism of BmNPV in B. mori larvae. We first determined the tissues where NPVs replicate well in lepidopteran insect larvae. To examine the virus growth quantitatively, we measured the tem- 
poral expression levels of four BmNPV genes, i.e., ie1 (immediate early), gp64 (early and late), vp39 (late), and polh (very late), by qRT-PCR of 16 tissues from B. mori larvae intrahemocoelically infected with BmNPV. Of note, this infection is not a normal route under natural conditions. In a previous study using a green fluorescent protein (GFP)-expressing BmNPV, we showed that when a virus was administered through this infection route, virus infection was first observed at 12 h p.i. in hemocytes, and GFP expression in other major tissues, such as fat body and trachea, was clearly detected by 48 h p.i. (32) . qRT-PCR analysis showed similar expression patterns for the four genes in BmNPV-infected tissues. At 1 day p.i., viral-gene expression was detected only in hemocytes, confirming that hemocytes are the first target tissue when viruses are inoculated intrahemocoelically (Fig. 1 ). Viralgene expression in hemocytes peaked at 2 days p.i. and then gradually declined. In most tissues, expression of virus genes was first detected at 2 days p.i. and peaked at 3 days p.i. This expression pattern is consistent with our previous study using a GFP- expressing BmNPV (32) . Interestingly, the three silk glands (anterior silk gland, middle silk gland, and posterior silk gland), midgut, and Malpighian tubule were much less infected than the other 11 tissues (Fig. 1 ). In addition, we observed that in Malpighian tubules, polh expression was relatively high compared with the expression levels of the other three genes. These results indicate the existence of clear tissue tropism in BmNPV-infected B. mori larvae. Screening of genes involved in tissue tropism of BmNPV in B. mori larvae. To identify the genes involved in the tissue tropism of BmNPV infection, we screened the phenotypes of 44 BmNPV mutants where one gene was functionally disrupted by the insertion of a LacZ cassette. We measured polh expression in two wellinfected (fat body and trachea) and two poorly infected (middle silk gland and midgut) tissues (Fig. 1) . Fifth-instar B. mori larvae were injected with BV, and the tissues were dissected from BmNPV-infected B. mori larvae at 4 days p.i. qRT-PCR analysis showed that polh expression was reduced or unchanged in the four tissues infected with most deletion mutants (Fig. 2) . However, we found that, compared with the wild-type T3, polh expression was were injected with BV of T3 and 44 gene deletion mutants. Four tissues, i.e., fat body (FB), trachea (TR), middle silk gland (MSG), and midgut (MG), were dissected from BmNPV-infected B. mori larvae (five larvae per tissue) at 4 days p.i., and total RNA was prepared. Expression of polh was examined by qRT-PCR. The expression level for T3 was considered 1, and polh expression of the mutants is shown relative to that for T3. The raw data sets are provided as Table S1 in the supplemental material. markedly enhanced (3-to 55-fold) in the MSGs of larvae infected with three mutants where one of three tandemly arrayed open reading frames (ORFs) (Bm7, Bm8, and Bm9) was disrupted.
We then examined OB production in the MSGs of B. mori larvae infected with the three mutants. We found that the silk glands of larvae infected with the three mutants were markedly smaller and cloudy compared with T3 (Fig. 3A) . Microscopic observations revealed that Bm7D, Bm8D, or Bm9D produced large amounts of OBs around the tracheas of MSGs, whereas OB production was rarely seen in the MSGs of T3-infected larvae (Fig. 3B) .
Disruption of Bm8 results in abnormal OB production in the MSGs. Our screening revealed that polh expression and OB production were markedly enhanced in the MSGs of B. mori larvae infected with mutants in which one of three genes (Bm7, Bm8, and Bm9) was disrupted with a LacZ cassette insertion (Fig. 3) . We tested whether all three genes are required for proper expression of polh in the MSGs by generating seven additional mutants in which one or two genes were partially deleted without inserting a LacZ cassette (Fig. 4) . We examined OB production in the MSGs of B. mori larvae infected with these mutants. As shown in Fig. 5 , the functional disruption of Bm7 or Bm9 did not result in increased OB production in the MSGs. However, Bm8D-1 or Bm8D-2, in which only Bm8 is partially deleted, showed a phenotype similar to that observed in B. mori larvae infected with Bm7D, Bm8D, or Bm9D. We also observed that deletion of both Bm8 and Bm9 resulted in enhanced OB production in the MSGs. These results clearly indicate that Bm8 is solely required for proper polh expression in the MSGs of BmNPV-infected B. mori larvae.
Aberrant expression of Bm8 in cells infected with Bm7D or Bm9D. To know the reason why Bm7D or Bm9D showed a phenotype similar to that observed in Bm8-mutated BmNPV, we compared the temporal expression patterns of Bm8 in BmN cells infected with T3, Bm7D, Bm8D, or Bm9D. Western blot analysis showed that the level of Bm8 in T3-infected cells peaked at 12 h p.i. and then slightly declined at 48 h p.i. (Fig. 6A and B) , which agreed with our previous results (21) . In Bm7D-or Bm9D-infected cells, however, the expression pattern was markedly different from that observed in T3-infected cells. In Bm7D-infected cells, Bm8 expression increased gradually and peaked at 48 h p.i. (5-fold expression compared with T3), whereas the expression in Bm9D-infected cells was strikingly enhanced at 12 h p.i. (4.5-fold expression compared with T3) and rapidly declined to the level observed in T3-infected cells by 24 h p.i. (Fig. 6A and B) . We then examined Bm8 expression in BmN cells infected with other Bm7, Bm8, and Bm9 mutants. As expected, Bm8 expression was not observed in BmN cells infected with Bm8D-1, Bm8D-2, and Bm8-9D (Fig. 6C) . We also found that, unlike LacZ-insertion mutants, Bm7D-1, Bm7D-2, and Bm9D-2 showed expression patterns of Bm8 similar to those observed in T3. On the other hand, we noticed that Bm8 expression was slightly reduced in Bm9D-1-infected cells at 12 h p.i., but its expression was indistinguishable from that of T3 at 48 h p.i. (Fig. 6C) . These results suggest that a LacZ cassette insertion, but not a deletion, in Bm7 or Bm9 resulted in enhanced expression of Bm8, presumably leading to abnormal polh expression in the MSGs.
Next, we performed qRT-PCR experiments with Bm7, Bm8, and Bm9 using total RNA prepared from BmN cells infected with each mutant. Bm7 and Bm8 are expressed mainly from early promoters, whereas Bm9 is an early and late transcribed gene (Fig. 7A  to D) (35, 64) . qRT-PCR analyses showed that the expression level of Bm8 in Bm7D-infected cells was higher than that of T3 from 24 h p.i. In contrast, Bm8 expression in Bm7D-1-and Bm7D-2-infected cells was indistinguishable from that of T3 (Fig. 7C) . These results suggest that the enhanced expression of Bm8 protein observed in Bm7D-infected cells is due mainly to the transcriptional upregulation of Bm8. We also noticed Bm9 upregulation in Bm7D-infected cells, and its expression pattern was quite similar to that of Bm8 in Bm7D-infected cells (Fig. 7C and D) . As illustrated in Fig. 7A , we previously showed that the Bm8 transcript terminates downstream of the Bm9 coding region (35) , indicating that a primer set amplifying Bm9 also detects the Bm8 transcript. This suggests that the observed increase of Bm9 expression in Bm7D-infected cells may result from detection of Bm8 upregulation. Furthermore, we found that mutations in Bm8 had some effects on Bm7 and/or Bm9 expression: all of the Bm8 mutants showed slightly enhanced expression of Bm7, whereas Bm8D-1 and Bm8D-2 expressed low levels of Bm9 compared to T3. As shown in Fig. 7C , Bm9D-1, but not Bm9D-2, showed reduced expression of Bm8, which agreed with the observation of Bm8 protein expression in Bm9D-1-infected cells (Fig. 6C) . The expression patterns of vp39 (one of the BmNPV late genes) were similar in all mutants (Fig. 7E) .
Disruption of Bm8 accelerates the death of B. mori larvae. Previous studies showed that the deletion of Bm7 (known as the ecdysteroid UDP-glucosyltransferase gene [egt] ) from the AcM-NPV or BmNPV genome accelerated the death of insect larvae (9, 26, 50) . As expected, when we injected BVs into day 0 fifth-instar B. mori larvae (within 12 h after molting), larvae infected with Bm7D died 20 h earlier than those infected with T3 (Fig. 8A) . Interestingly, we observed that Bm8D, but not Bm9D, also accel- erated larval death, suggesting that enhanced OB production in the MSGs is not directly related to the killing speed in host insects (Fig. 8A) . To examine which gene is involved in viral virulence, we performed infection studies using 7 partial-deletion mutants of Bm7, Bm8, and/or Bm9 (Fig. 4 ) and compared their survival curves using day 0 fifth-instar larvae. As shown in Fig. 8B, mutants with Bm8 deletions showed the virulent phenotype, whereas two Bm7 mutants (Bm7D-1 and Bm7D-2) did not. These results indicate that disruption of Bm8, but not Bm7 (egt), reduced the survival time of BmNPV-infected fifth-instar B. mori larvae and that the earlier death observed in Bm7D-infected larvae may be due mainly to the aberrant expression of Bm8 after a LacZ cassette insertion in Bm7.
DISCUSSION
It is well known that lepidopteran NPVs demonstrate distinct tissue tropism in host insect larvae. For example, lepidopteran NPVs do not produce OBs in the midguts of infected larvae, while OBs are produced in most other larval tissues. To examine the NPV's tissue tropism quantitatively, we first measured mRNA levels of viral genes in 16 tissues from B. mori larvae infected with BmNPV. We found that NPV replicated poorly in the silk glands, midgut, and Malpighian tubule compared with other tissues examined. We then used LacZ insertional mutants of BmNPV to identify the viral genes involved in the tissue tropism of BmNPV. Screening and further experiments identified a gene, Bm8 (also known as bv/odv-e26), required for the suppression of virus growth in the MSGs. The inactivation of Bm8 resulted in abnormally enhanced virus replication and OB production in the MSGs of infected larvae, which probably led to inhibition of silk gland development ( Fig. 3A) . During the fifth larval stage of B. mori, fibroin and sericin proteins are synthesized and secreted in very high quantities in the PSG and MSG, respectively. The heavy chains of fibroin and sericin are known to be composed of specific amino acid-enriched sequences: glycine (Ͼ45%) and alanine (Ͼ30%) are enriched in fibroin, whereas serine is enriched in sericin (Ͼ30%). Hence, silk gland-specific tRNAs with cognate anticodons for these two proteins accumulate heavily in the PSG and MSG due to massive production of fibroin and sericin (22, 60, 65) . Such an abnormal tRNA composition may not be optimal for BmNPV replication and OB production. This seems to be a reason why the virus is not able to propagate well in silk gland cells. It is possible to postulate that loss of Bm8 alters the tRNA composition in infected cells, thereby leading to efficient virus replication and poor development of the silk gland.
We detected abnormal OB production in the MSGs of B. mori larvae infected with three LacZ cassette insertion mutants, i.e., Bm7D, Bm8D, and Bm9D. Further experiments using mutants with partial deletions in Bm7, Bm8, and Bm9 clearly showed that this phenotypic abnormality was solely caused by disruption of Bm8. Western blot experiments also showed that the expression pattern of Bm8 was deregulated in Bm7D-or Bm9D-infected cells (Fig. 6A and B) . Overall, we concluded that the disruption or abnormal expression of Bm8 may result in abnormal polh expression in the MSGs, thereby leading to enhanced OB production in the MSGs. We also observed that Bm8 expression was reduced in Bm9D-1-infected cells at 12 h p.i. (Fig. 6C) , suggesting that a slight decrease in Bm8 at an early stage of infection has little effect on polh expression in the MSG. We then asked why the insertion of a LacZ cassette into Bm7 or Bm9 resulted in the aberrant expression of Bm8. Transcriptome analysis of the Bm8 region of BmNPV (35) and AcMNPV (46) showed that the Bm8 transcript terminates downstream of the Bm9 coding region (Fig. 7A) . This indicates that a LacZ insertion in Bm9 disrupts the 3= untranslated region of Bm8, which may affect the transcriptional regulation of Bm8. However, we did not observe a difference between Bm8 expression in T3-and Bm9D-infected cells (Fig. 7C) . In Bm9D-infected cells, Bm8 expression was transiently enhanced at 12 h p.i. compared with T3 (Fig. 6A ), suggesting that a LacZ insertion into the untranslated region of Bm8, which corresponds to the Bm9 coding region, enhances the early-phase expression of the Bm8 protein without altering Bm8 transcription. Unlike Bm8 expression in T3-infected cells, its expression in Bm7D-infected cells increased gradually, and it did not decline at the late stage of infection (48 h p.i.). Although the mechanism of Bm8 deregulation in Bm7D-infected cells remains unknown, qRT-PCR experiments revealed that a LacZ cassette insertion into the Bm7 coding region abnormally activates the Bm8 promoter throughout the infection (Fig.  7C) . Taken together, these results suggest that insertions and/or deletions in the Bm7-Bm9 cluster sometimes result in aberrant expression of each gene. Deep RNA sequencing and fine mapping of transcripts expressed from this region are required to clarify the complex regulation of these three genes.
Previous studies showed that removal of a functional egt gene (Bm7) from the genome of AcMNPV accelerated the death of host insects, Spodoptera frugiperda and Trichoplusia ni (approximately 20 h earlier than the wild-type virus infection) (9, 50) . The dose-mortality responses were not significantly different between wild-type and egt deletion viruses. Early degeneration of the Malpighian tubules in Spodoptera exigua larvae infected with an egt-mutated AcMNPV was observed (12) ; however, the mechanism of the fast-killing phenotype remains elusive. In this study, we confirmed a previous study showing that Bm7D, an egt deletion mutant of BmNPV with a LacZ cassette insertion, also resulted in accelerated death of fifth-instar B. mori larvae (26) (Fig.  8A) . However, it was surprising that the LT 50 s of two other egt deletion mutants, Bm7D-1 and Bm7D-2, did not show the same phenotype. These results indicate that EGT activity is not related to the fast-killing phenotype observed in Bm7D-infected fifthinstar B. mori larvae and that inactivation of BmNPV EGT does not affect the survival time of fifth-instar larvae. The larval instar and infection period are likely critical factors for killing speed, because the length of each instar is different, and passing through the molting stage is extremely stressful for the infected larvae. We examined the effects of egt deletion on survival time using day 0 and day 3 fourth-instar larvae. When we used day 0 fourth-instar larvae, we obtained almost the same results as with day 0 fifthinstar larvae. However, we found that three mutants with Bm7 deletion (Bm7D, Bm7D-1, and Bm7D-2) showed the fast-killing phenotype using day 3 fourth-instar larvae (data not shown). In addition, for some insects, there are reports that killing speed is not affected by the deletion of egt (3, 52) . Therefore, we conclude at present that the effects of egt deletion from the NPV genome on the survival time are different depending on the larval instar, infection period, and insect species. We also found that Bm8D, but not Bm9D, accelerated the speed of death in fifth-instar larvae, showing that abnormal production of OBs in the MSGs does not solely lead to the fast killing. Western blot analysis of Bm8 in Bm7D-infected cells (Fig. 6A ) also suggested that the fast-killing phenotype found in Bm7D-infected fifth-instar B. mori larvae may be due mainly to the aberrant expression of Bm8 by marker cassette insertion into the Bm7 locus.
NPVs induce abnormal wandering behavior in host larvae at the late stage of infection. It is believed that this behavior contributes to OB contamination on a larger surface area of the host plant, which contributes to the efficient dispersal of the virus. Recently, BmNPV protein tyrosine phosphatase (25)-and Lymantria dispar NPV (LdMNPV)-encoded egt genes (20) have been shown to be required for enhanced locomotory activity (ELA), but the molecular mechanism is still unknown. In the course of infection experiments, we noticed that larvae infected with Bm8-mutated viruses and Bm7D did not exhibit distinct wandering behavior throughout the infection, whereas the typical virus-induced behavior was observed in larvae infected with T3, Bm7D-1, Bm7D-2, and Bm9-mutated viruses (data not shown). These results suggest that Bm8 is a third gene required for NPV-induced enhanced behavior. Furthermore, deletion of egt alone did not affect the host behavior in BmNPV, unlike a group II LdMNPV. Survival curves clearly showed that these wandering-defective mutants exhibited the fast-killing phenotype. The LT 50 of T3 was 104 to 108 h, whereas those of Bm8D, Bm8D-1, Bm8D-2, Bm8-9D, and Bm7D were 84 to 92 h (Fig. 8) . Locomotion enhancement in T3-infected fifth-instar B. mori larvae was observed from approximately 92 to 96 h p.i., at which time over 50% of the larvae infected with Bm8-mutated viruses and Bm7D had died. We suggest that collectively, Bm8-mutated viruses kill larvae before hijacking the host neuronal circuit and/or other organs required for wandering, which would lead to viruses failing to manipulate host behavior.
In conclusion, we discovered that the group I NPV-specific protein BV/ODV-E26 is crucial for the suppression of virus growth in the MSGs of host lepidopteran insects. To our knowledge, this is the first report to identify a gene(s) determining the sites where NPVs replicate in host larvae. Elucidating how this protein functions in the silk glands of infected larvae will allow us to understand some of the mechanisms whereby baculoviruses select tissues for optimal replication in infected hosts.
